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The Michael-Michael-retro Michael addition catalyzed by 9-amino-9-deoxyepiquinine was
monitored and the major intermediates and catalyst in the catalytic cycle were detected and
characterized using ESI-MS/MS for the first time. Some important isomeric intermediates
including isomeric enamine and imine structures were tentatively differentiated and further
studied by theoretical calculations. Fragment ions of protonated catalyst indicate that proton
possibly influences the conformation of the catalyst. (J Am Soc Mass Spectrom 2007, 18,
2074–2080) © 2007 American Society for Mass SpectrometryRecently, cinchona alkaloids and their derivativeshave played a major role in the active field ofsmall-molecule organocatalysts [1]. Many reactions
catalyzed by them yield highly enantioselective products.
To understand the reaction mechanisms, some studies on
the conformation of cinchona alkaloids in the presence of
acid were carried out using nuclear magnetic resonance
(NMR) spectroscopy [2]. Obviously, studying the catalytic
processes and their reaction mechanisms and, if possible,
further understanding the structural characteristics of pro-
tonated cinchona alkaloids and their derivatives using
other methods remains desirable.
Mass spectrometry (MS) has greatly benefited from the
development of electrospray ionization (ESI) [3]. ESI is a
powerful ion formation technique and it can directly
transfer both positive and negative ions from solution to
the gas phase [4]. Due to these distinctive characteristics,
ESI-MS and its tandem version ESI-MS/MS have rapidly
become suitable tools for detection and characterization of
reaction intermediates in solution, which can provide
direct evidence for mechanistic studies [5–7].
Recently, Chen et al. reported the Michael-Michael-
retro Michael addition reactions of ,-dicyanoolefins
with ,-unsaturated ketones catalyzed by 9-amino-9-
deoxyepiquinine, as outlined in Scheme 1. This type of
reactions can provide the enantiopure 2-cyclohexen-1-one
derivatives [8]. According to Scheme 1, ,-unsaturated
ketone 2 is activated by the primary amine, which
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doi:10.1016/j.jasms.2007.09.002generates iminium intermediate 3. Intermediate 3 adds
to deprotonated acyclic -phenyl ,-dicyanoolefins 4
by a Michael addition reaction to yield intermediate 6.
Intermediate 7 is formed by an intramolecular prototro-
phic shift from 6, and then intermediate 8 is generated
by intramolecular Michael addition. Intermediate 8 pro-
duces intermediate 9, which further generates the prod-
uct 10 and catalyst 1 by hydrolysis. To our knowledge,
the reaction mechanisms have not yet been investi-
gated. In view of the importance of the reactive utility
and the catalyst, in this paper we will attempt to probe
the reaction intermediates 3, 5, 6, 8, and 9 (Scheme 1)
and understand the structural characteristics of the
protonated catalyst using ESI-MS/MS technique and ab
initio quantum mechanical calculation.
Experimental
High-resolution experiments were performed on a
Bruker BioTOF-Q mass spectrometer (Billerica, MA) in
the positive and negative modes. Accurate masses of
fragment ions were determined by external mass cali-
bration using the mass calibrants of MW 622.0290 and
922.0098. High-purity nitrogen gas was used as colli-
sion, nebulizer, and auxiliary heated gas at a pressure of
30 psi. The samples introduction rate was 115 L/h.
The ESI source conditions in the positive and negative
modes were as follows: capillary V, 4500 V (positive),
4000 V (negative); end plate voltage,4000 V (positive),
3500 V (negative); capillary exit voltage, 100 V; dry gas
temperature, 150 °C. Collision energy was optimized
according to the signal.
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2075J Am Soc Mass Spectrom 2007, 18, 2074–2080 STUDYING REACTION MECHANISMS BY ESI-MS/MSThree reaction systems were selected (Scheme 2) and
monitored off-line at different intervals (the first day
every 2 h and then a sample every 24 h up to 216 h)
using ESI-QTOF. A solution of catalyst (1 0.002 mmol),
,-unsaturated ketone (2a or 2b 0.01 mmol), acyclic
Figure 1. ESI-MS spectrum of the reaction so
-phenyl ,-dicyanoolefin 4a catalyzed by 9-am
Scheme 1. Proposed Michael-Michael-retro Mi
activation.
Scheme 2. Michael-Michael-retro Michael addi
-phenyl ,-dicyano-olefins catalyzed by 9-am
nated species are intercepted and structurally chthe ration between 9aa · H (m/z 602) and 1 · H (m-phenyl ,-dicyanoolefin (4a or 4b 0.01 mmol), and
TFA (0.004 mmol) in THF (2 mL) was stirred at room
temperature. The mixed sample was diluted by CH3OH
(1:50) before transfer into the ESI source.
Ab initio quantum mechanical calculations were per-
n of of ,-unsaturated ketone 3a and acyclic
-9-deoxyepiquinine at 2 h. Time dependence of
l addition reactions based on iminium-enamine
eactions of ,-unsaturated ketones and acyclic
-deoxyepiquinine. The protonated or deproto-
terized by ESI-MS/MS.lutio
inochaetion r
ino-9/z 324) is shown in the insert.
2076 WU ET AL. J Am Soc Mass Spectrom 2007, 18, 2074–2080formed with the DFT variant hybrid density functional
theory (B3LYP) [9] in conjunction with 6-31G(d) basis
set [10] as implemented in the Gaussian 03 program
package [11]. The geometries of stationary points and
first-order saddle point were identified by frequency
analysis, and transition-state (TS) structure was vali-
Figure 3. ESI-MS spectra of the [ H] ions: (
spectra: (a) the selected intermediate 5a at m
Scheme 3. Possible structures of protonated catalyst and frag-
ment ion at m/z 307.intermediate 5b at m/z 167 (collision energy at 21 eVdated with one and only one imaginary frequency
related to the forming C–C bond. The energy of each
structure was evaluated and corrected by calculated
Figure 2. MS/MS spectra of the selected [MH] ions: (a) catalyst
1 (collision energy at 12 eV), (b) intermediate 3a (collision energy at
20 eV), (c) intermediate 3b (collision energy at 20 eV).
; (b) 11; (c) 4b. Shown in the insert are MS/MS
1 (collision energy at 17 eV), (c) the selecteda) 4a
/z 18).
lecule
2077J Am Soc Mass Spectrom 2007, 18, 2074–2080 STUDYING REACTION MECHANISMS BY ESI-MS/MSzero-point energies and thermal effects from the fre-
quency analysis using the B3LYP/6-31G(d) method.
Results and Discussion
Because of the high sensitivity of ESI-QTOF, the inter-
mediates can be detected even though the concentration
is low. However, some unexpected peaks in the low
mass region, possibly resulting from the solvent, are
also observed due to the high sensitivity. Fortunately,
the high-resolution QTOF can distinguish the interme-
diates from the unexpected peaks unambiguously. The
reaction system with mixed catalyst 1, 2a, 4a, and TFA
Scheme 4. (a) and (b) or (c) indicate that cleav
and (c) indicate that retro-Michael addition reac
and (e) indicate that the loss of a H2C(CN)2 moin THF was studied first. Shortly after 1 min of reaction,the mixed sample was transferred into the MS and the
protonated intermediate 3a, [3a  H] (m/z 486.2295,
calcd.: m/z 486.2307), and catalyst 1, [1  H] (m/z
324.2081, calcd.: m/z 324.2070), were observed in posi-
tive ion mode as major ions (Figure 1). In the negative ion
mode, the intermediate [5a] (m/z 181.0749, calcd.: m/z
181.0760, Figure 3) was observed. At 2 h, the signal of
668.3123 corresponding to the protonated intermediate
6aa, 7aa, or 8aa (calcd.: m/z 668.3151) was observed
although the relative abundance was low (Figure 1). In
addition, the observed signal of 602.2961 possibly cor-
responds to protonated intermediate 9aa (calcd.: m/z
602.2933) formed by the loss of a H2C(CN)2 molecule
difficult to occur on iminium double-bond; (b)
might occur in intermediate 6aa not for 7aa; (d)
occurs readily in intermediate 8aa.age is
tionfrom intermediate 8aa. The time dependence of the ratio
8bb (collision energy at 25 eV).
hydrogen atoms were omitted for clarity.
2078 WU ET AL. J Am Soc Mass Spectrom 2007, 18, 2074–2080between 9aa · H (m/z 602) and 1 · H (m/z 324) is
shown in the insert in Figure 1.
For further structural characterization of the catalyst
and intermediates, tandem mass spectrometric analysis
was utilized. As shown in Scheme 3, the proton is
located at the N atom of the primary or tertiary amine,
since the fragment ion at m/z 307 from the protonated
catalyst must have two isomeric structures, which pro-
duce the fragment ions at m/z 264 and 198, respectively.
The result implies that a pentacycle could be formed
through N–H–N hydrogen bonding, which possibly
influences the conformation of catalyst and further
influences the reactive enantioselectivity. The MS/MS
spectrum of protonated intermediate 3a is very similar
to catalyst 1 (Figure 2) and the fact that no fragment ion
at m/z 324 [1  H] was observed indicates that
cleavage is difficult on the iminium double-bond
(Scheme 4a). The fragment ion at m/z 154 was possibly
generated by the loss of a HCN molecule from the
intermediate 5a (Figure 2). In the MS/MS spectrum of
m/z 668 (Figure 4), the fragment ion at m/z 486 [3a  H]
gies (kcal/mol) of isomeric intermediates by the
shown in angstrom and angle in degree. MostFigure 4. MS/MS spectra the selected [M  H] ions: (a) interme-
diate 6aa, 7aa or 8aa (collision energy at 20 eV); (b) intermediate 6ab,
7ab of 8ab (collision energy at 20 eV); (c) intermediate 6bb, 7bb orFigure 5. Calculated structures and relative free ener
B3LYP/6-31G(d) method, the parameters of distance
2079J Am Soc Mass Spectrom 2007, 18, 2074–2080 STUDYING REACTION MECHANISMS BY ESI-MS/MScan be formed by retro-Michael addition reaction from
the protonated intermediate 6aa [12]; the fragment ion
at m/z 602 [10aa  H] can be formed by the loss of a
H2C(CN)2 molecule from the protonated intermediate
8aa; [the fragment ion at m/z 602 [10aa  H] can also
be produced from the protonated intermediates 6aa and
7aa through forming intermediate 8aa. However, the
loss of a H2C(CN)2 molecule is difficult to occur in
intermediates 6aa and 7aa;] the fragment ion at m/z 324
[1  H] possibly results from protonated intermediate
6aa, 7aa, or 8aa indicating that intermediate 6aa, 7aa, or
8aa may have an enamine structure, since cleavage is
difficult on an iminium double-bond. The different
fragmentation patterns between enamine and iminium
structures and among intermediates 6aa, 7aa, and 8aa
are shown in detail in Scheme 4. In the MS/MS spec-
trum of protonated intermediate 9aa, the observation of
the fragment ion at m/z 324 [1  H] indicates the
presence of enamine structure. Isotope analysis was
carried out when the intermediates contain a chlorine
atom. The other two reaction systems studied give
similar results except that there is no observation of the
fragment ion at m/z 324 [1  H] in the MS/MS
spectrum of [9bb  H].
To investigate the reaction mechanisms more in
detail, ab initio quantum mechanical calculations was
focused on the intermediates 6bb, 7bb, 8bb, and the
transition-state from 7bb to 8bb, and subsequent prod-
uct 9bb. The most possible low-energy minimum struc-
tures located for these isomeric intermediates, which all
were stabilized by favorable polar interacting between
the positive charged tertiary iminium and electronic
density-rich cyano moiety are shown in Figure 5. The
transition-state of the cyclization from 7bb to 8bb
(Figure 6, TS-78) was investigated and the correspond-
ing activation free-energy was predicted to be 17.79
kcal/mol. The reaction barrier of the conversion from
Figure 6. Calculated structures of transition
B3LYP/6-31G(d) method. The parameters of dis
were omitted for clarity.7bb to 8bb is near to the difference of stability thermo-dynamically between 7bb-enamine and 6/7bb-imine.
This indicated that the transformation from 7bb to 8bb
could take place under the reaction situations of
isomerization between 7bb-enamine and 6/7bb-
imine. However, it seems that the reaction should
prefer to the formation of 7bb instead of 8bb, since
the 6/7bb-imine is thermodynamically more stable
than 8bb-imine by 7 kcal/mol. To insight the driv-
ing forces of this reaction, the further study on the
elimination of CH2(CN)2 from 8bb to give 9bb and
dicyanomethane was carried out and the located struc-
tures 9bb-enamine and 9bb-imine are shown in Figure 6.
The formation of 9bb-imine and dicyanomethane was
predicted to be thermodynamically more favorable than
6/7bb-imine by 10 kcal/mol. Thus, these calculations
indicated that the isomerization and conversion among
these isomeric intermediates are reasonable and prefer-
able entropy arising from the elimination of CH2(CN)2
from 8bb-imine broke the various equilibria and drew
the reaction sequence towards the final products in this
studied reaction system.
In addition, the reaction system of catalyst 1, 2b,
,-dicyanoolefin 11, and TFA in THF (Scheme 5) was
studied under the same conditions. The absolute abun-
dance of deprotonated ,-dicyanoolefin 11 is obvi-
ously lower than that of the deprotonated compound 4a
or 4b under the same injection conditions (Figure 3),
e and isomeric intermediates of 9bb by the
are shown in angstrom. Most hydrogen atoms
Scheme 5. Michael addition reaction of ,-unsaturated ketonestat
tanceand ,-dicyano-olefin catalyzed by 9-amino-9-deoxyepiquinine.
2080 WU ET AL. J Am Soc Mass Spectrom 2007, 18, 2074–2080which indicates that deprotonated ,-dicyanoolefin 11
is more active and that intermediates similar to 6 or 7
cannot be observed, which supports that intramolecular
Michael addition cannot occur in compound 12.
Conclusion
The proposed major intermediates for the catalytic cycle
of Michael-Michael-retro Michael addition reactions of
,-dicyanoolefins and ,-unsaturated ketones cata-
lyzed by 9-amino-9-deoxyepiquinine were successfully
intercepted and structurally characterized using ESI-
MS, ESI-MS/MS, and ab initio quantum mechanical
calculations. Some isomeric intermediates, including
isomeric enamine and imine structures, were differen-
tiated. Structural characteristics of protonated catalyst
and the relationship between ion activity and absolute
abundance are of interest. Further studies in this field
are now being carried out in our laboratory.
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